Abstract: Integrable GaAs-based high-contrast gratings (HCGs) are fabricated and characterized, targeting applications in high-speed vertical-cavity surface-emitting lasers (VCSELs). A Ga 0.51 In 0.49 P sacrificial layer beneath the GaAs layer is employed to create a low index surrounding HCG strips by selective etching. Experimental results show that the finite-size HCG has a reflectivity of 93% from 1270 to 1330 nm for the transverse magnetic polarization, which is consistent with the calculated results. An HCG-based Fabry-Pérot filter array formed by the different HCGs, air gap, and GaAs substrate is demonstrated. The measured resonance wavelengths of the filter arrays are consistent with the theoretical results, which implies that the resonance wavelength of such filters can be tuned by parameters of the HCG itself.
Introduction
High-speed vertical-cavity surface-emitting lasers (VCSELs) have attracted intense attention for long time, because VCSELs are low-cost and energy-efficient sources for optical interconnects in data centers, high-performance computer systems, and other short-reach networks [1] - [6] . Very recently, directly modulated 850-nm VCSELs with 71 Gbit/s data rates at room temperature have been reported [7] . Record energy efficiency of 56 fJ/bit dissipated energy and 46 Gbit/s with data rate at 85 degrees were demonstrated [8] , [9] . These exciting results are achieved by the adoption of a short cavity, optimization of the photon lifetime, advanced active region design, good thermal management. Even though higher order modulation formats, advanced driver chips, and superior photoreceiver systems are beneficial to achieve still lager data rates [7] , [10] , improving the performance of the VCSEL itself is essential. To further increase the capacity of a link, wavelength-division multiplexing (WDM) with high-speed VCSEL arrays on the same wafer using multiple uniformly spaced wavelengths transmitted in a single fiber are used, which makes the link very low-cost, compact, and energy-efficient.
One promising approach to improve the bandwidth of a single VCSEL is adopting novel surface nanostructures. Recently, high-contrast gratings (HCGs) with grating strips fully surrounded by a low-index medium like air, demonstrated high reflectivity over a broad band [11] - [15] . The high reflectivity over a broad band is originating from the destructive interference at the output plane of the HCG, and the large index contrast between the HCG strips and the low-index medium [11] . HCGs have been intensively explored and have been employed in, for example, lasers [11] , [12] , flat optics [11] , [16] , and optical sensors [11] , [17] . One typical application of HCGs is for broadband and high-reflectivity reflectors to replace at least part of the top Distributed Bragg reflector (DBR) of VCSELs. The first electrically pumped HCG-VCSEL was demonstrated by employing AlGaAs-based HCG at 850 nm [11] . Later, 1060-nm and 1550-nm HCG-VCSELs were developed [18] , [19] . HCG-VCSELs exhibit single-mode output with polarized light, because high-order modes have higher loss introduced by the HCG and the HCG shows polarization selectivity. Furthermore, HCGs have a smaller energy penetration depth compared with DBR, which contributes to a larger confinement factor of HCG-VCSELs [20] . This larger confinement factor increases the relaxation resonance frequency of a laser [21] . Therefore, HCG-VCSELs are expected to achieve a higher modulation speed. In [22] , it is predicted that HCG-VCSELs can reach an ultrahigh data rate beyond 100 Gbit/s.
As mentioned above, WDM is a promising way to increase the bandwidth of a single fiber. Low-cost, energy-efficient, high-speed, and monolithically integrated multi-wavelength VCSEL arrays are highly desirable. For conventional VCSEL structures composed of top DBR, cavity, and bottom DBR, the resonance wavelength of the VCSEL is determined by the round-trip phase condition of the effective cavity and is fixed after VCSEL wafer growth. Several methods for multi-wavelength VCSEL arrays on a single wafer by locally varying the layer thickness in the cavity, such as growth on nonplanar substrate by metalorganic chemical vapor deposition [23] and patterned-substrate molecular beam epitaxy growth [24] , were proposed and demonstrated. However, such methods are very complex. Recently, HCG-VCSEL arrays were proposed for WDM applications to increase the aggregate bandwidth of a single fiber [25] . The reflection phase of the HCG with a fixed thickness can be tuned by the period and duty cycle (defined as the ratio of HCG strip width to HCG period). Thus, it is very easy to design and fabricate monolithic multi-wavelength VCSEL arrays on the same HCG-VCSEL wafer, which can be realized in the standard wafer growth.
Up to now, many kinds of HCGs based on different material systems have been successfully developed. Suspended HCGs employing AlGaAs(GaAs) for 850 nm [11] , GaAs(AlInP) for 1060 nm [18] , and InP(InGaAs) for 1550 nm [26] , have been used for HCG-based photonic devices (the materials in the brackets are used for sacrificial layers for creating the air gap). The suspended HCGs are very flexible and good candidates for tunable VCSELs [18] , [27] and tunable filters [26] . For good mechanical stability, Silicon/SiO 2 [28] and GaAs/Al 2 O 3 [29] material systems with a high index contrast have been used in HCG-VCSELs. In this work, we design, fabricate, and characterize integrable GaAs-based HCGs with Ga 0.51 In 0.49 P as the sacrificial layer, targeting applications for high-speed VCSELs and its array in the wavelength range of 1300 nm. In contrast to GaAs(AlInP) and GaAs(AlGaAs) material systems for GaAs-based HCGs which contain Al in the sacrificial layers, we use Ga 0.51 In 0.49 P, which is lattice matched to GaAs and also has a high etching selectivity to GaAs in the HCl etching solution, to serve as the sacrificial layer to avoid the problem of oxidation of the remaining sacrificial layer [30] . Additionally, a 1 Â 3 HCG-based Fabry-Pérot filter array composed of HCGs, air gap, and GaAs substrate is demonstrated.
Structure and Design
The HCG structures studied here are schematically shown in Fig. 1(a) and a scanning electron microscope (SEM) image of a HCG is shown in Fig. 1(b) . The reflectivity of the HCG depends on the polarization. In the transverse magnetic (TM) polarization, the electric component is perpendicular to the HCG strips, whereas the electric component is parallel to the HCG strips for the transverse electric (TE) polarization.
The parameters of the HCG reflector can be optimized by rigorous coupled wave analysis (RCWA) [31] and analytical methods [11] . The GaAs-based HCGs designed here are expected to have high reflectivity around 1300 nm, a wavelength range interesting for optical interconnects on computer chips. We focus on the TM polarization, because the evanescent tail through the output plane of the HCG is shorter than the TE polarization [13] . The shorter evanescent tail brings a smaller phase penetration depth, which can enhance the modulation speed [21] . The refractive index of GaAs used in the calculation is 3.4, and GaAs is assumed to be lossless and dispersion free for the present wavelength range. Fig. 2 (a) is a reflectivity contour of the HCG as a function of normalized thickness ðt g =ÃÞ and normalized wavelength ð=ÃÞ under normal incidence for the incident wave using RCWA method. Thus, from Fig. 2 (a), we can determine that for a wavelength around 1300 nm the period of the HCG is 600 nm, the thickness of the HCG layer is 362 nm. Fig. 2(b) shows that the reflectivity spectra of HCGs under varying width of the strips show high reflectivity across a large band.
Fabrication
The HCGs are fabricated on a wafer that is composed of a 362-nm GaAs layer, a 1-m Ga 0.51 In 0.49 P sacrificial layer, and a GaAs substrate. The HCG pattern is defined on the GaAs layer, and the Ga 0.51 In 0.49 P sacrificial layer is selectively etched to create an air gap, as shown in Fig. 1(a) . Etching of the Ga 0.51 In 0.49 P sacrificial layer is carried out with the HCl solution [32] . Fig. 3 shows the SEM images of the etching profile along the ½0 " 1 " 1 and ½0 " 11 directions. The etching rate depends on the crystal orientation and the concentration of HCl. Therefore, the HCG strips are arranged in the ½0 " 11 direction to facilitate the selective etching when the HCG pattern is defined, as shown in Fig. 1(b) .
The fabrication flow of the HCG is schematically shown in Fig. 4 . The wafer is first deposited with Si 3 N 4 by plasma-enhanced chemical vapor deposition (PECVD). PMMA electron resist is spinned and then electron beam lithography (EBL) is used for defining the grating pattern. After development, the grating pattern is transferred onto the Si 3 N 4 layer by reactive ion etching (RIE) with a gas mixture of CHF 3 /O 2 . The grating structure is then transferred onto the GaAs layer with Si 3 N 4 as the mask by inductively coupled plasma (ICP) etching with a gas mixture of Cl 2 /BCl 3 /Ar. To remove the Ga 0.51 In 0.49 P sacrificial layer under the grating, the grating is placed in the HCl solution at room temperature. After selective etching, the grating is rinsed by deionized water and dried for grating release. The HCGs in the array have the same period and thickness, but the width of the HCG strips is varied with a step size of 10 nm. The SEM image of a 10 m Â 10 m HCG after drying is shown in Fig. 1(b) . As shown in Fig. 1(b) , we deliberately leave some Ga 0.51 In 0.49 P connecting the HCG to the substrate at the top edge and bottom edge of the HCG, because the remaining Ga 0.51 In 0.49 P can serve as posts to support the HCG for easy grating release without critical point drying.
Characterization
The reflectivity spectra are measured with the setup schematically shown in Fig. 5 . The broadband amplified spontaneous emission (ASE) (1270-1330 nm) from a praseodymium-doped fiber amplifier (PDFA) is collected by a fiber and then collimated by a lens. The light is polarized by a Glan-Thomson polarizer. Finally, the light is focused on the HCG by an objective lens with 50Â magnification and numerical aperture (NA) of 0.45. The reflected light is collected by another fiber via a planar beam splitter and then measured by an optical spectrum analyzer (OSA). The reflected light is partly led by a cube beam splitter into a charge-coupled device (CCD) camera to observe the position of the HCG and estimate the spot size of the incident light on the HCG after the objective lens. The diameter of the focused spot size is about 4 m. The reflectivity of a gold-coated mirror is measured for a reference. The reflectivity of the HCG is normalized to the reflectivity of the gold-coated mirror. For comparison, the reflectivity of the GaAs surface without the HCG pattern is also measured, which can clearly show the enhanced reflectivity after the GaAs surface is patterned with the HCG. Fig. 6(a) shows the measured reflectivity spectrum of the HCG with a strip width of 410 nm measured by SEM. The measurement result verifies that the HCG has a reflectivity of over 93% from 1270 to 1330 nm. Because the HCG has a size of 10 m Â 10 m and the spot size of the incident wave is about 4 m in diameter, the reflectivity spectrum of this finite-size HCG is calculated by 3-dimensional finite-difference time-domain (3D-FDTD) method with perfectly matched layer boundary conditions [33] taking into account of the sidewall shape (negatively sloped) of the HCG strips after ICP etching. The simulation model includes the air gap and the substrate. Fig. 6 (a) also shows that the measured reflectivity of the TM polarization is consistent with the simulation result. Note that TM-polarized reflectivity of polarization calculated by 3D-FDTD in Fig. 6(a) is lower than the calculated reflectivity by RCWA method because of the different boundary conditions used in the calculations [33] . For the TE polarization, there is a difference between the simulation result and the experimental result. This difference is caused by the higher-order components in the focused incident wave after the objective lens with a high NA. As shown in Fig. 7 the reflectivity increases as the angle of incidence increases for the TE polarization, whereas the reflectivity decreases as the angle of incidence increases for the TM polarization. For comparison, the reflectivity of the GaAs surface without a HCG pattern is also measured to be 26%, as shown in Fig. 6(a) , which is close to the theoretical value of 29.8%.
In these HCGs, the Ga 0.51 In 0.49 P sacrificial layer is removed by HCl, and the smooth GaAs surface beneath the HCG is exposed. The GaAs surface can serve as a mirror with a reflectivity of 29.8%. Thus, the HCG, air gap, and GaAs surface can compose a Fabry-Pérot filter. The resonance wavelength of the filter is determined by the equation
. . .Þ known as the phase matching condition, where ' GaAs is the reflection phase of the GaAs/air interface, ' HCG is the reflection phase of the HCG, is the wavelength in the free space, and h a is the thickness of the air gap. When the incident wavelength satisfies the phase matching condition, the resonance in the filter happens and a low reflectivity at the resonance wavelength occurs in the reflectivity spectrum. Theoretically the HCG shown in Fig. 6 (a) also can form a Fabry-Pérot filter with the GaAs substrate and the air gap. Because of the limited bandwidth of the available optical source, the resonance wavelength is not observed in the reflectivity spectrum of the HCG with the strip width of 410 nm. Therefore, within the wavelength range of from 1270 to 1330 nm, the substrate beneath the HCG has little effect on the reflectivity spectrum. However, the resonance wavelength of the Fabry-Pérot filter can be observed when the resonance wavelength is within the wavelength range of from 1270 to 1330 nm. Fig. 6(b) shows the reflectivity spectra of three Fabry-Pérot filters in the 1 Â 3 array composed of three adjacent HCGs with different widths of the HCG strips. The widths of the HCG strips in the three filters measured by SEM are 395 nm (Filter A), 385 nm (Filter B), and 375 nm (Filter C), respectively. The resonance wavelengths of Filters A, B, and C are 1311.5, 1302.6, and 1280.9 nm, respectively. The calculated reflection phase spectra of the three HCGs by RCWA method are shown in Fig. 8(a) . At the resonance wavelengths, the reflection phase of the HCG in Filter A is À0:818 Â , À0:816 Â for the HCG in Filter B, and À0:793 Â for the HCG in Filter C. Therefore, the thickness of the air gap can be obtained by the above-mentioned phase matching condition. The thickness of the air gap in Filter A is 596 nm, 591 nm in Filter B, and 574 nm in Filter C. Note that the air gaps in the filters are formed by removing the Ga 0.51 In 0.49 P sacrificial layer. Nominally, the thickness of the air gap in the filters is equal to the thickness of the Ga 0.51 In 0.49 P sacrificial layer. In fact the suspended HCG is displaced down to the substrate after the sacrificial layer is removed [26] . Thus, the thickness h a of the air gap is not equal to the thickness t s of the Ga 0. 51 In 0.49 P sacrificial layer. We find the thicknesses of the air gaps in the three filters are different. The HCGs in the three filters are with the same parameters, except for the width of the HCG strip. The reason is that the etching rate of the Ga 0.51 In 0.49 P sacrificial layer in the ½011 direction depends on the air gaps between the HCG strips. The air gap between HCG strips is larger (the duty cycle, DC ¼ d =Ã, is smaller), and the etching rate of the Ga 0.51 In 0.49 P sacrificial layer is larger. Thus, as shown in Fig. 1(b) and Fig. 3(a) , the heights of the upper and lower bases under the upper and lower edges of the HCG are smaller, resulting in a thickness of the air gap in the filter to be smaller.
We calculate the resonance wavelength of each filter in the filter array, as shown in Fig. 8(b) . The calculated resonance wavelengths of Filters A, B, and C are 1302.9 nm, 1294.6 nm, and 1278.8 nm, respectively, consistent with the measured results (1311.5, 1302.6, and 1280.9 nm for Filters A, B, and C, respectively). Because of the low reflectivity of the GaAs surface after selective etching, the calculated Q factors (defined as =Á; , wavelength; Á, full width at half maximum of the resonance) of the three filters are 15. As shown in Fig. 6(b) , the measured Q factors after fitting for the three filters are about 90. The measured Q factors are larger than the calculated ones probably caused by higher-order angular components in the focused incident wave after the high-NA objective lens. The measured reflectivity of Filter C in Fig. 6(b) is lower than the calculated one in Fig. 8(b) , probably due to the large sensitivity of the reflectivity of Filter C to higher order angular components. We calculate the reflection phases of the HCGs for different widths of the HCG strips, and resonance wavelengths of the Fabry-Pérot filter array composed of different thicknesses of air gaps and HCGs. As shown in Fig. 8(a) , the reflection phase (the solid lines) increases as the width of the HCG strip increases. The dotted lines represent the thicknesses of the air gaps of the filters. The intersection of the solid line and the dotted line represents the resonance wavelength of the filter with the corresponding thickness of the air gap and the corresponding width of the HCG strip. The black, red, and blue circles in Fig. 8(a) denote the resonance wavelengths of Filters A, B, and C, respectively. With a fixed thickness of the air gap, the resonance wavelengths of the filter can be nearly linearly tuned by the width of the HCG strip with a fixed HCG period. This implies that high-speed HCG-VCSEL arrays for WDM applications can be fabricated by defining HCGs with different duty cycles with a fixed HCG period on the same HCG-VCSEL wafer. It should be noted that the resonance wavelengths of the filter can be nearly linearly tuned by the HCG period with a fixed width of the HCG strip for a fixed thickness of the air gap. Also for a specific HCG-VCSEL, the resonance wavelength of the filter can be nearly linearly tuned by changing the thickness of the air gap, which has been successfully employed in tunable HCG-VCSELs [27] . The resonance wavelengths of the 1 Â 3 filter array in this work are not uniformly spaced because of the different thicknesses of the air gaps. Uniformly spaced resonance wavelengths of the filter array can be achieved by reducing the size of the two nearest air trenches out of the HCG part in the vertical directions to have identical thicknesses of the air gaps in each element of the filter array. Therefore, high-speed HCG-VCSEL arrays with uniformly spaced wavelengths on the same wafer are feasible.
Conclusion
In summary, we have designed, fabricated, and characterized integrable GaAs-based HCG reflectors for high-speed VCSELs and demonstrated a 1 Â 3 HCG-based Fabry-Pérot filter array. A Ga 0.51 In 0.49 P layer is used as the sacrificial layer to be removed to create the low-index surrounding (i.e., air) around the HCG strips. Our experiments show that HCGs can achieve a reflectivity of 93% from 1270 to 1330 nm, consistent with the simulation result. The measured reflectivity shows that the finite-size HCG has a high reflectivity and can serve as the mirror of a VCSEL or can replace most of layers of a DBR. By optimizing the oxide aperture and the size of the HCG, the threshold current can be in the sub-milliampere range with single-mode output, which is very helpful to realize energy-efficient and long-reach optical links. Because the smooth GaAs surface of the GaAs substrate after the removal of the Ga 0.51 In 0.49 P sacrificial layer has a reflectivity of 30%, a 1 Â 3 HCG-based Fabry-Pérot filter array is constructed with different HCGs, air gaps, and the smooth GaAs surface. The HCG-based Fabry-Pérot filter array exhibits three different resonance wavelengths on the same wafer, in agreement with the calculations. The results indicate that besides the reflectivity, the reflection phase of the HCG can be tailored by the parameters of the HCG. This work shows the promise of employing HCG reflectors to construct large-scale filter arrays and VCSEL arrays with uniformly spaced resonance wavelengths. This work is helpful to design and fabricate high-speed and energy-efficient GaAsbased HCG-VCSEL and its arrays for the WDM applications at 980 nm and beyond.
